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Abstract
The understanding of individual movement in a given space is important in many areas
such as geography, architecture, and city planning. With recent advances in sensor and
computing technology, trajectory data, series of coordinate data with timing, can be readily
obtained and used to help us understand the characteristics of the space. However, the
interpretation of patterns becomes difficult as the number of paths increases with the
number of individuals examined. In this study, we intend to contribute to the development of
a schematic landscape diagram of the space-time paths for movement analysis by firstly
observing individual activities in an office and collecting trajectory data, and secondly
developing a framework for the landscape diagram and analyzing the trajectory data to
extract the tendency of the movement. Here, the interpretation of the patterns of trajectories
becomes accurate as the number of trajectories increases. Finally, we argue that this is an
effective way to understand the characteristics of the space.
Keywords: space design, user behavior, vector field, landscape diagram

1318

Conference Proceedings

Ichiro NAGASAKA and Masashige MOTOE

Introduction
The understanding of individual movement in a given space is important in many areas
such as geography, architecture, and city planning. With recent advances in sensor and
computing technology, trajectory data, series of coordinate data with timing, can be
readily obtained and used to help us understand the characteristics of the space. For
instance, in geography, since Hägerstand proposed a theoretical framework called Time
Geography (Hägerstrand, 1970), the daily space-time trajectories of individuals have
been valuable means for understanding activity-travel behavior (Kwan, 2000), and in
museum design, behavioral data collected by direct observation were used to study the
role of spatial layout of museum exhibitions (Wineman and Peponis, 2009).
In these studies, several visualization methods for dealing with the spatial and temporal
dimension of individual movement were introduced, such as simple 2D representation of
movement traces, activity density patterns (Kwan, 2004), and so called “space-time
aquarium” (Kwan, 2004) in which the vertical axis is the time of day and the horizontal
plane represents the study area. Especially, the space-time aquarium is useful to analyze
the tendency of the movements visually, since it describes the temporal and spatial
aspect of individual movements in a single framework. However, as noted in (Kwan,
2000), in these representations, the interpretation of patterns becomes difficult as the
number of paths increases with the number of individuals examined.
This paper intends to contribute to the development of a vector field representation and a
schematic landscape diagram of the space-time paths for movement analysis by firstly
observing individual activities in an office and collecting trajectory data, and secondly
developing a framework for the vector field and the landscape diagram, and finally
analyzing the trajectory data to extract the tendency of the movement. The main idea is to
represent individual movement from a place to another as a ball rolling down the
landscape like “epigenetic landscape” which represents the genetic tracks of certain
organism. Here, the interpretation of the patterns of trajectories becomes accurate as the
number of trajectories increases. Finally, we argue that this is an effective way to
understand the characteristics of the space.

Collection of trajectory data

Figure 1: Plan of the share space.
2

We recorded workers’ activities in a share space (approx. 220m ) of an office (34
workers) using eight network cameras attached at the ceiling. Figure 1 shows the share
space. In the Figure, (A), (B), (C) and (D) indicate entrance to the west part of office,
entrance to the west part of office, elevators, and office kitchen, respectively.
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We collected 24 hours of video data in three days from 9AM to 5PM and extracted one
image from every second of the video. Based on the images, we manually recorded
workers’ trajectory data using a plot system implemented in a programming environment
called Processing (Processing, 2011).

Existing visualization methods for analysis of spaces
2D representation of movement traces

Figure 2: 2D plot of sequences.

2D representation of movement traces is to simply map the trajectory data on the plan of
the office. Figure 2 shows 24 hours of video data in three days. We can observe the
typical pathway of the workers with this representation. For instance, the path between
(A) and (B)/(C) is the most frequent route of the workers, followed by the path between
(A) and (D).
One of the limitations of this representation is the inefficient use of space. As the plotting
movement data increase, this representation becomes difficult to understand in regions of
high density.

3D space-time aquarium
To visualize the individual space-time paths, we used the 3D method called ‘space-time
aquarium’ developed by Hägerstrand (Hägerstrand, 1970). In the space-time aquarium,
we converted 2D movement traces into 3D by choosing the xy-plane to be the plan of the
office and the z-axis to be the time from 9AM to 5PM. We have implemented visualization
tools for these analyses in the programming language called clojure with OpenGL library.
The overall pattern of the space-time paths for the trajectory data is shown Figure 1. The
bottom and the top of the cube indicate 9AM and 5PM in the space-time aquarium,
respectively. The figure indicates the workers were making use of the share space
continuously, and the pile of the paths between (A) and (B)/(C) also indicates the paths
are the most frequent route of the workers.
However, in the same way as the 2D movement traces, this representation becomes
difficult to understand in regions of high density as the plotting movement data increase.
As suggested in (Kwan, 2000), one way to overcome this limitation is to plot space-time
paths using transformed coordinate system with interactive capabilities provided by
visualization environments. But, to analyze the collective tendency of the movements
visually, we need to observe large number of the plotting movement data in a single
frame.
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Figure3: 3D space-time aquarium.

3D activity density patterns
3D activity density patterns are the representation in which activities in a certain area are
measured based on the number of traces that pass through it and illustrate the amount of
the activities in the area by using the number as the z value. In this study, we divided the
office plan into 500×500mm cells — so there are 37×37 cells — and counted the number
of traces passing through them.

Figure 4: 3D activity density patterns.

Figure 4 shows the activity density patterns of the three days. From this figure, we can
clearly see activities between (A) and (B)/(C) are the highest followed by the path
between (A) and (D).
The major advantage of this representation is that, in contrast to the previous two
representations, illustrations of the density patterns become accurate as the plotting
movement data increase. However, since the activity density patterns do not show the
temporal dimensions of the movement, to analyze the tendency of the movements
visually, we need another visualization method.

New visualization methods for analysis of spaces
Vector field representation
Vector field representation of individual movement is to describe the tendencies of the
workers’ movement at a given area.
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In general terms, a vector field is a function that allocates vectors to different areas in
space. Each vector describes the direction and magnitude of the velocity at a particular
area, and the collection of all the velocity vectors is called the velocity vector field.

Figure 5: Procedure of making vector field.

We described the tendencies of the workers’ movement at a given area by the following
steps:
1. Divide the office plan into 500×500mm cells, so there are 37×37 cells on the office
plan.
2. For each cell, find the trajectories passing through it, and figure out the direction and
the velocity of the individual movement (Figure 5: (a)).
3. Transform the direction and velocity of the movement into a vector by taking the
velocity as length of the vector (Figure 5: (b)).
4. At each cell, add all the vectors obtained from the trajectories passing through it
(Figure 5: (c)).
5. Draw the resulting vectors on the center of 37×37 cells of the office plan (Figure 6).

Figure 6: Vector field representation of individual movement.

Figure 6 shows the vector field representation of the three days’ movement data. Length
of the arrow at the upper left of the figure is equivalent to the length of arrow of when the
individual movements are observed 5 times at a speed of 1,000 (mm/s) in the same
direction. With this representation, since all the vectors passing through a certain cell are
added up, the length of a resulting vector is reinforced when angles between them are
closer to 0 degree and, on the contrary, the length is shortened when angles are closer to
180 degree. Hence, when the tendency of the workers’ movement in a cell are relatively
constant, the length of the resulting vector of the cell becomes longer, therefore, we can
observe the tendencies of the workers’ movement on the cells in these vectors clearly.
Making use of this capability, we could analyze the collective flow of movements in
facilities such as airports and railroad stations where the circulation planning is critical.
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Landscape diagram
We translated the vector field into a landscape diagram by specifying the relative height
difference between neighboring cells depending on the direction and length of the vectors
in the field. Since the vectors are intricately intertwined with each other, we used a
stochastic optimization algorithm called simulated annealing (SA) (Kirkpatrick et al., 1983)
to calculate the relative height to produce the landscape diagram.
SA is a probabilistic method for finding the global minimum of an energy function, inspired
by the manner in which liquids freeze or metals and glass crystallize in the process of
annealing. For SA, we need to specify an energy function, a neighborhood function, and
a transition probability.

Figure 7: Correspondence between length of the vector and height difference.

First, we explain the energy function for the landscape. As noted above, there are 37×37
cells on the office plan and each cell has a vector that represents the tendency of the
workers’ movement in the cell. Then, we find which direction of its 8 neighboring cells the
vector points. As shown in Figure 7, if the vector of cell A points to cell B and the length of
the vector is 𝑙𝑙, and the height difference between cell A and B is ∆ℎ, then the energy
induced by the difference is defined as |∆ℎ − 𝑙𝑙|. Next, we add up the energy for all the
cells on the office plan and assume the sum of the energy as an overall energy of the
landscape. Therefore, if the height of a cell 𝑐𝑐𝑖𝑖𝑖𝑖 (𝑖𝑖 = 0, … , 36, 𝑗𝑗 = 0, … ,36) in a landscape is

ℎ𝑖𝑖𝑖𝑖 and has a vector 𝑣𝑣𝑖𝑖𝑖𝑖 that points to one of its neighboring cell 𝑐𝑐𝑣𝑣𝑖𝑖𝑖𝑖 whose height is ℎ𝑣𝑣𝑖𝑖𝑖𝑖 ,
then an energy 𝑒𝑒 of the landscape is

36 36

𝑒𝑒 = � � �(ℎ𝑖𝑖𝑖𝑖 − ℎ𝑣𝑣𝑖𝑖𝑖𝑖 � − |𝑣𝑣𝑖𝑖𝑖𝑖 ||.
𝑖𝑖=0 𝑗𝑗=0

The neighborhood function is a function, which returns a neighboring landscape that is
produced after altering the current landscape. Changing the height of a randomly
selected cell (e.g., 𝑐𝑐𝑖𝑖𝑖𝑖 in Figure 8) in the −3.0 to 0.0 mm range derives the alternation.

Figure 8: Height alternation of randomly selected cell c ij .

In addition, the initial temperature is 0.5 and the cooling rate is 0.9999 so that the
probability of acceptance of worse solutions could be quite low.
We used the transition probability originally proposed in (Kirkpatrick et al., 1983), i.e., let
𝑒𝑒 and 𝑒𝑒′ be the energy of the current landscape and a candidate new landscape,
respectively, then the acceptance probability function 𝑃𝑃(𝑒𝑒, 𝑒𝑒 ′ , 𝑇𝑇) was defined as
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′

𝑃𝑃(𝑒𝑒, 𝑒𝑒 , 𝑇𝑇) =

⎧ �−
⎨
⎩ 1

exp(𝑒𝑒 − 𝑒𝑒 ′ )
�
𝑇𝑇

𝑖𝑖𝑖𝑖 𝑒𝑒 ′ < 𝑒𝑒

𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,

where 𝑇𝑇 is a global time-varying parameter called the temperature.

Figure 9: 2D landscape diagram represent based on the vector field of Figure 6.

Figure 10: 3D Landscape diagram based on the vector field of Figure 6

Figure 9 (2D), 10 (3D) shows the landscape diagrams acquired by the SA based on the
vector field of Figure 6. Here, the relative “height” in the figure corresponds to the length
of the vectors in the vector field.

Figure 11: Consecutive movement and its landscape.

In the landscape diagram, when consecutive movements of the same direction are
observed in neighboring cells, i.e., a number of vectors of cells are arranged in chains
without loops as shown in Figure 11, the landscape in the area becomes a deep valley.
Therefore, in comparison to the vector field representation, the tendency of the
movements is more highlighted in the landscape diagram. Since this representation
depicts the tendency of movement as people move from a higher to lower place in the
landscape, we could intuitively grasp the tendency of movement as the direction of a ball
rolling down at a given area. In addition, the interpretation of the patterns of trajectories
becomes accurate as the number of trajectories increases.
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Visual analysis of human behavior
Finally, we analyze the characteristics of the office space based on the tendencies of the
individual movement.
Now, we have five different visualizations for the individual trajectories. As mentioned
above, with existing representations — 2D movement traces, 3D space-time aquarium
and 3D activity density patterns — we can see the general tendencies in the share space,
such as the main routes and the high activity areas in the space. For instance, as shown
in Figure 12, apparently the action density patterns of the three days do not change so
much. This means that workers tend to move and stay at the similar area during these
three days.

Figure 12: Action density patterns of the three days.

Figure 13: Detailed tendency of movement in vector field representation.

With the vector field representation, we could observe much more detailed tendencies of
movement. For instance, workers tend to keep to the right side between (A) and (B)/(C)
(Figure 13 in green). When they get off the elevators at (C), they tend to walk along the
wall in front of them, and when they walk towards the elevators, they tend to deviate to
the outer side then get on the elevators.

Figure 14: Vector fields of the three days.
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Figure 15: Landscape diagrams of the three days in 2D.

In contrast to the activity density patterns of the three days shown in Figure 12, we could
easily see the variety of tendencies of movement in the vector fields of the same period
(Figure 14). Especially, we can see the difference of the tendencies between the main
routes and the upper and lower area of the figure indicated by circles. The landscape
diagram (Figure 15) shows the difference more clearly. The reason for this diversity would
be that there is no clear intended use in the area.

Figure 16: Comparison between density patterns and landscape diagrams.

Figure 17: Vector field showing the conflicts and stagnates areas.

By comparing the activity density patterns and the landscape diagrams, we could point
out the aria where the flow of movements conflicts or stagnates. For instance, in Figure
16, (1), (2), and (3) are the relatively high activity density area, however, in landscape
diagrams the tendencies in the area are rather indistinctive. As the vector field (Figure 17)
indicated, since the flow of movements cross each other at (1) and stagnate at (2) and (3),
there are little dominating tendencies at the area. At the same time, adding two vectors
with equal length in opposite directions sum to zero. This means that the workers travel to
and from a place, e.g., kitchen, through exactly the same route at the same speed, the
vectors cancel out. This might lead to problems that observers have a false impression
that there is no activity on the route.

1326

Conference Proceedings

Ichiro NAGASAKA and Masashige MOTOE

Discussions and future study
This research developed a new framework for visual analysis of human behavior called
the vector field representation and the landscape diagrams in order to analyze the spacetime paths for movement in a given area. Through this research, the followings are
achieved:


developing a general procedure for constructing a vector field from trajectory
data;



creating a method for translating the vector field into a landscape diagram;



observing individual activities in an office and collecting trajectory data;



evaluating the developed representation with
representations by analyzing the trajectory data.

comparison

to

existing

The major contributions of these representations are the followings:


the interpretation of the patterns of trajectories becomes accurate as the number
of trajectories increases;



the tendencies of the movements — direction and speed — can be visually
represented;



in comparison to existing representations, the diversity of activities in given area
is more highlighted.

Therefore, from what we have seen so far, it is fair to say that these are effective ways to
understand the characteristics of the space.
In this research, we only analyzed human behavior visually. For future studies, we will
analyze human behavior with statistical inference such as Bayesian inference to see if
these visual analyses can be validated statistically. In addition, we need to show
examples of application of these new representations.
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